The MnFe 2 O 4 spinel ferrite nanoparticles with sensitive magnetic response properties and high specific surface area were prepared from metal nitrates by the sol-gel process as catalysts for oxidative degradation of methyl orange (MO). The nanoparticles were characterized by X-ray powder diffraction (XRD), scanning electron microscopy (SEM), BET surface area analysis, H 2 -Temperature programmed reduction (H 2 -TPR), X-ray photoelectron spectra (XPS), and vibration sample magnetometer (VSM). The catalytic activity experimental results showed that the MnFe 2 O 4 spinel ferrite nanoparticles possess very high MO degradation activity. It is expected that this kind of MnFe 2 O 4 spinel ferrite nanoparticles has a potential application in water treatment fields due to its sensitive magnetic response properties and high catalytic activity.
Introduction
Recently, synthetic organic dyes and pigments are widely used in the textiles, paper, plastics, leather, food, and cosmetic industry to color the products [1] . Usually, the synthetic organic dyes are nonbiodegradable and hence cause a serious threat to our ecology environment and human health. Among various classes of dyes, the azo dyes represent a major group of dyes and have been widely applied in textile industries because of their ease of synthesis, versatility, and cost effectiveness [2] . However, due to the strong toxicity and the high solubility of these dyes, varieties of methods are proposed for the removal of them such as adsorption, filtration, sedimentation, and catalytic action [3] . Among these methods, the catalytic degradation method, assisted with optical radiation or strong oxidizer, has been demonstrated as one of the important, innovative, and green technologies. In the catalytic degradation process, using semiconductors [4] [5] [6] [7] and multicomponent oxides [8, 9] as the catalysts to degrade azo dye has attracted extensive attention. However, the separation of these catalysts from treated water, especially from a large volume of water, is expensive and time consuming, which limited their application in industrial fields. It is realized that introducing the magnetic catalysts is a good choice to deal with the catalysts separation and reuse problems.
Among various of magnetic oxides, the ferrite MFe 2 O 4 (M = Mn, Co, Zn, Mg, Ni, etc.) is a well-known cubic spinel material where oxygen forms a face-centered cubic (fcc) close packing, and M 2+ and Fe 3+ occupy either tetrahedral or octahedral interstitial sites [10, 11] . Due to its stable crystal structure and good magnetic properties, it has been widely used in electronic devices, information storage, magnetic resonance imaging (MRI), and drug-delivery technology [12] [13] [14] . Manganese spinel ferrite (MnFe 2 O 4 ) with good magnetism and functional surface was widely used as an adsorbent for removing heavy metals in water solution [15] . However, few studies were focused on azo dyes oxidative degradation process by directly employing MnFe 2 O 4 nanoparticles as catalyst. Regarding the synthesis method, there are many methods, such as sol-gel, coprecipitation, microemulsion, solid state reaction and other techniques have been reported. Among these methods, sol-gel method is a low-cost and effective way to prepare nanoscale MnFe 2 O 4 at a low temperature [16] . In this paper, the MnFe 2 O 4 nanoparticles with sensitive magnetic response properties and high specific surface area were prepared from metal nitrates by sol-gel process and afterwards used as a catalyst to oxidative degrade of methyl orange (MO) in the aqueous solution. The characteristics of the nanoparticles were studied by XRD, BET, SEM, H 2 -TPR, XPS, and VSM analyses. The reason for the high degradation activity of the catalyst was also analyzed.
Materials and Methods

Material Preparation.
MnFe 2 O 4 spinel ferrites nanoparticles were prepared by the sol-gel method. Stoichiometric amounts of Mn(NO 3 ) 2 (50% solution) and Fe(NO 3 ) 3 ⋅9H 2 O powder were mixed with a certain amount of deionized water. The citric acid as the complexing agent was then added to the metal nitrate solution with a molar ration of 1 : 1. Then the resulting solution was evaporated to dryness, and thereafter the precursor was decomposed at 200 ∘ C until dry gel was formed. Finally, the residual precursor was calcined in air at 400, 500, 600, 700, and 800 ∘ C for 2 h and the obtained MnFe 2 O 4 nanoparticles were signed as MNF-400, MNF-500, MNF-600, MNF-700, and MNF-800.
Characterizations.
The phase identification and crystalline structure analysis were determined by X-ray diffraction (XRD) using a Panalytical X-pert diffractometer (PANalytical, Netherlands) with a Cu K radiation ( = 0.154056 nm) operated at 40 kV and 30 mA. The surface area ( BET ) of the nanoparticles was calculated from the nitrogen adsorption isotherms obtained at 77 K by using a NOVA2000e apparatus. Scanning electron microscopy (SEM) (JEOL, Model JSM-5510LV) was used to investigate the morphology of the derived nanoparticles. H 2 -Temperature programmed reduction (H 2 -TPR) experiments were performed in a quartz reactor using a thermal conductivity detector (TCD) as a detector on Micromeritics AutoChem 2920 instrument. The chemical shift and valence of element on surface were examined by X-ray photoelectron spectra (XPS) in a PerkinElmer PHI 1600 ESCA system with Mg K X-ray radiation (1253.6 eV, 150 W). The binding energies were calibrated using C1s peak at 284.6 eV. The magnetic properties of the nanoparticles were measured at room temperature through a HH-10 vibration sample magnetometer (VSM). The light absorption spectrum of the MO solution was detected by U-2102 UV-Vis spectrophotometer (UNICO, USA) at 507 nm [17] .
Catalytic Activity
Test. 0.1 g MnFe 2 O 4 nanoparticles were added to 200 ml methyl orange (MO) solution (30 mg⋅L −1 ). Then the aqueous suspension was stirred for 30 min to obtain better dispersion and adsorption performance prior to the degradation. The pH value of the MO solution was adjusted to 3 by adding hydrochloric acid and then 1 ml H 2 O 2 was dropped in as the oxidant. At degradation time intervals of 0.5 h, a small quantity of solution was taken from the test solution and analyzed by measuring the absorbance at 507 nm by a spectrophotometer. Consequently, the degradation rate of MO could be calculated as follow [18] : (%) = (( − )/ )× 100, where was the degradation rate of MO, the was the initial concentration of MO, and was concentration of MO at time . Figure 1(a) showed the XRD patterns of the MnFe 2 O 4 nanoparticles. When the calcination temperature was 400 ∘ C, the obtained MnFe 2 O 4 nanoparticle has the single crystalline phase, while at 500 ∘ C, the intensity of each characteristic peak increased significantly, and the crystalline phase of ferrite tended to be more complete. Nevertheless, when the calcination temperature was above 600 ∘ C, some miscellaneous phase peaks appeared in the obtained MnFe 2 O 4 spinel ferrite nanoparticles. Meanwhile,the miscellaneous phase peak intensity increased constantly with the decrease of the characteristic peak intensity of original ferrite as the calcination temperature rose. Compared to the standard card (JCPDS 33-0664), it could be inferred that the obtained MnFe 2 O 4 spinel ferrite nanoparticles were partly dissolved into Fe 2 O 3 as the precursor was calcinated in oxygen-rich atmospheres at higher temperature.
Results and Discussion
XRD and
The surface area measurements results showed that the specific surface areas of MnFe 2 O 4 nanoparticles declined with the increase of the calcination temperature. When the calcination temperature rose from 400 to 800 ∘ C, the specific surface area of the obtained MnFe Figure 1(c) , we could see that the uniform and large apertures with obvious networks structure were present in the MNF-500 nanoparticles. Figure 1(b) showed that the pore structure of the MNF-400 nanoparticles has not yet formed completely, in which the aperture was not as large as the MNF-500 nanoparticles. Nevertheless, it could be seen from Figure 1(d) that the surface of the MNF-600 nanoparticles sintered and the surface pore structure collapsed with the increasing calcination temperature, and the specific surface area decreased sharply. The MNF-500 showed well crystal structure and uniform pore structure with larger specific surface areas compared to other MNF nanoparticles.
H 2 -TPR Analysis.
In this paper, the redox behavior of the obtained MNF nanoparticles was investigated by H 2 -Temperature Programmed Reduction (H 2 -TPR). Figure 2 showed the H 2 -TPR profiles of the MnFe 2 O 4 nanoparticles obtained from different precursor's calcination temperatures. It could be seen that there were three reduction peaks in the H 2 -TPR spectra of the MNF-500 nanoparticles. The corresponding redox potential of each metal ion MnO When the calcination temperature was over 600 ∘ C, the reduction peak around 310 ∘ C tended to be weak or even disappeared, whereas a new reduction peak around 430 ∘ C which was formed as an acromion with the reduction peak around 490 ∘ C turned up and gradually strengthened. It is supposed that, when the calcination temperature was over 600 ∘ C, spinel structure of the MnFe 2 O 4 was destroyed and the new phase Fe 2 O 3 was formed. Additionally, as the calcination temperature rose up, this transition tended to be more obvious. Therefore as the calcination temperature rose, besides MnFe 2 O 4 ferrite, Fe 2 O 3 as a newly formed structure appeared in the sample, which could change the reducing property of the obtained nanoparticles. The impact of calcination temperature on the redox property of the MNF nanoparticles was consistent with that on the XRD characterization results. The lower the initial reduction peak temperature was, the much easier the MNF nanoparticles changed into oxygen deficient ferrite redox property of it was better [19] . Therefore the MnFe 2 O 4 nanoparticles which were obtained form a lower precursor calcination temperature may show better low-temperature oxidation performance than the ones obtained from a higher calcination temperature. Figure 3 represented the XPS core level spectra of O1s, Mn2p, and Fe2p of the MNF-500 nanoparticles. Two photoemission peaks which correspond to two distinct oxygen species were illustrated in Figure 3 (a). The line with low binding energy (about 529.5 eV) was attributed to the crystal lattice oxygen (O 2− ); the high binding energy (about 531.3 eV) was attributed to active adsorbed molecular oxygen (O 2 ). Due to the defects of the lattice oxygen, large amounts of oxygen vacancies were produced so the adsorbed oxygen increased [20] .
XPS Analysis.
The Mn2p 3/2 and Mn2p 1/2 core-level emission peaks were observed at 641.5 eV and 653.0 eV in Figure 3(b) . Thus, the Mn2p 3/2 peak was observed between those of MnO (641 eV) and Mn 2 O 3 (641.6 eV) and the energy separation between the Mn2p 3/2 and Mn2p 1/2 states was 11.5 eV [21] . It could be inferred from the peak positions and the intensity ratio of Mn2p 3/2 and Mn2p 1/2 that the manganese existed as Mn
2+
and Mn 3+ states in the MNF-500 nanoparticles. The Fe 2+ 2p 3/2 peak at 709.5 eV is always associated with a satellite peak at 6.0 eV above the principal peak whereas Fe 3+ 2p 3/2 peak at 711.2 eV is associated with a satellite peak at 8.0 eV [22] . In the MNF-500 nanoparticles, the binding energy values of Fe2p 3/2 were observed at 711.2 and 709.7 eV from Figure 3(c) , and distinct satellite peaks were observed at about 8.0 eV and 6 eV above the main peak. Therefore the presence of Fe 3+ and Fe 2+ states could be confirmed in the MNF-500 nanoparticles. Figure 4(a) showed the hysteresis loops of MnFe 2 O 4 nanoparticles obtained from different calcination temperatures. The saturation magnetization of MNF-500 nanoparticles was 43.1 A⋅m 2 ⋅kg −1 , which was the highest one compared to that of the other MNF nanoparticle. From the XRD patterns, the obtained MnFe 2 O 4 nanoparticles were almost completely converted to nonmagnetic Fe 2 O 3 when the calcination temperature was over 600 ∘ C. This phase transformation led to the sharp decline of the saturation Figure 5 showed the UV-Vis spectra evolution and degradation efficiency of MO catalyzed by the MNF-500 nanoparticles. With the catalytic reaction processing, the intensity of the characteristic peak of MO decreased gradually. After 4 h, the peak almost disappeared, while there was no appearance of any new adsorption peaks and shiftiness of the significant peak, meaning that 98% MO has been degraded. The high catalytic activity might attribute to the high specific surface area and the active absorbed oxygen species. In addition, the ion transference between different valences states of Mn and Fe in the nanoparticles was helpful for the degradation process. Therefore, it could be concluded that the MNF-500 nanoparticles exhibited excellent oxidative degradation activity for MO.
Magnetic Measurements.
Oxidative Degradation Activity Test.
Conclusions
The MnFe 2 O 4 spinel ferrite (MNF) nanoparticles were prepared from metal nitrates by the sol-gel process followed by a calcination at different temperatures. Comparing to the other MNF nanoparticles, the MNF-500 nanoparticles had a single crystalline phase; its specific surface area was 50.2 m 2 ⋅g −1 , and had better low-temperature oxidation activity. Due to the large number of active oxygen species on the surfaces and the ion transference of Mn and Fe, the MNF-500 nanoparticles showed a high MO degradation efficiency up to 98%. Additionally, the saturation magnetization of the MNF-500 nanoparticles was 43.1 A⋅m 2 ⋅kg −1 which made them easy to separate from the MO solution by an external magnetic filed. Thus this kind of MnFe 2 O 4 nanoparticles will have a potential for oxidative degradation of dye in the water treatment fields.
